An experiment that incorporates the deuterium isotope effect into the ''hole trapping and electron filling'' scenario in silicon metal-oxide-semiconductor ͑MOS͒ devices is presented. It is suggested that Lai's physical model is only partially true in order to explain all of the observed MOS device degradation phenomena. The isotope effect is exclusively due to hot electrons, not hot holes. Holes might break the Si-O bonds to generate interface traps at V G near V T . The dominant degradation mechanism is the electron-stimulated Si-H bond breaking, although electron trapping also plays a role in degradation. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1384900͔
In the past 20 years, extensive research has been done on mechanisms for the interface trap generation due to hotcarrier injection. In the early 80s, research was carried out to understand mechanisms for interface trap generation using metal-oxide-semiconductor ͑MOS͒ capacitor structure. 1 The primary purpose of the research was to understand mechanisms for the radiation-induced interface trap generation. In a seminal article, 1 Lai proposed a physical model for generation of interface traps at the SiO 2 /Si interface. He proposed that interface traps were generated when trapped holes recombine with electrons.
A variety of experiments in hot-carrier degradation in MOS transistors [2] [3] [4] suggested that hot holes rather than hot electrons play a dominant role in the interface trap generation. It was believed that hot holes with large effective mass might cross the SiO 2 /Si interface and create more interface traps or trapping centers than hot electrons do. 2 It was also believed that the worst damage that occurs under the conditions of V G ϭ40% of V D is caused by both the hot hole and the hot electron injection. 2 Doyle et al. 5 studied in details the trap creation by the hole injection during low gate voltage stressing of MOS transistors. They first stressed the devices under low gate voltage conditions (V G ϽV D /4) for 500 s to have a significant amount of holes injected into the oxide, and then stressed the devices for a short phase ͑10 s͒ of electron injection at V G ϭV D . In this way, they found that the maximum damage is obtained for conditions of the maximum hole injection, indicating the hot holes are responsible for both electron and hole oxide traps. From the earlier literature, it appears that hot holes play a dominant role in the device degradation. However, other physical models emphasize the important role of Si-H bond breakage by hot electrons. 6, 7 It is clear that more research is needed to elucidate the role of holes.
Since the discovery of the deuterium isotope effect for hot-carrier degradation of MOS transistors, the majority of research has been focused on processing and application for integrated circuit manufacturing. [8] [9] [10] [11] [12] [13] Thus, the deuterium isotope effect for MOS device degradation discovered by Lyding et al. 8 has been regarded as an important technological innovation. From our point of view, it also has profound scientific implication and may be used as a tool to probe the very complicated interface degradation mechanisms. In this letter, we present experimental evidence to elucidate the role of holes in the dominant degradation mechanism and their role in the isotope effect.
According to Lai's physical model 1 and Doyle et al.'s experiment, 5 the injection of holes and then the followed filling of electrons are primarily responsible for creation of interface traps. In our experiments, we incorporated the deuterium isotope effect into the above scenario to elucidate the role of holes in device degradation and the origin of the isotope effect. We used two groups of identical MOS transistors. One group is annealed in 100% H 2 at 450°C for 2.5 h and the other one annealed in 100% D 2 at 450°C for 2.5 h. These two groups of transistors were initially injected with holes for 30 s and then injected with electrons for 10 s. The hole injection is carried out at low gate voltage ͑V G ϭ0.62 V, V S ϭ0 V, and V D ϭ5.6 V͒ and the electron injection is carried out at V G ϭV D ϭ5.6 V. The degradation behavior and the isotope effect are studied using G m degradation and charge pumping test. The degradation test was carried out on an automatic system consisting of Agilent 4155B semiconductor parameter analyzer, Agilent E5250A switching matrix, and HP8160A pulse generator. Figure 1 shows the isotope effect for G m degradation after initial hole injection for 30 s ͑V G ϭ0.62 V, V S ϭ0 V, and V D ϭ5.6 V͒ and then electron injection for 10 s (V G ϭV D ϭ5.6 V). This experiment represents the scenario of Lai's model. It can be seen that in the hole injection period, G m does not degrade but rather improves. Notably, there is no difference between the deuterium-processed device and the hydrogen-annealed device. This experiment shows that the hole injection might not break the Si-H/D bonds, be- cause no isotope effect is observed. This claim can be further explained as follows. There are three types of chemical bonds at the Si/SiO 2 interface: Si-O bonds, Si-H bonds, and Si-Si bonds. For hole injection, there are three possible cases: ͑i͒ breaking Si-Si bonds; ͑ii͒ breaking Si-H bonds; and ͑iii͒ breaking Si-O bonds. Breaking Si-Si bonds by holes or electrons only creates the electron-hole pairs, which are not interface traps. Therefore, case ͑i͒ is excluded. In the earlier experiment as shown in Fig. 1, if the Si-H bonds had been broken by holes, we would have observed the isotope effect when hydrogen was replaced by deuterium. However, no isotope effect is observed for hole injection ͑see Fig. 1͒ . This excludes case ͑ii͒. The only remaining case is case ͑iii͒, i.e., hole injection breaks Si-O bonds. In addition, Lai's model and experiments 1 also suggested that hole injection break Si-O bonds. The electron injection following hole injection exhibits very small isotope effect, which means that the majority of injected electrons are not involved in breakage of Si-H bonds, but involved in neutralizing trapped holes and filling electron oxide traps. Figure 2 shows the interface trap generation for the same experiment as in Fig. 1 . In the hole injection phase, interface traps are created, maybe due to breakage of the Si-O bonds as explained earlier. Very little isotope effect is seen in both the hole injection phase and the electron filling phase. The interface traps begin to build up due to the electron-induced Si-H bond breaking, since the isotope effect begins to increase in the electron injection phase. The earlier experiments suggest that Lai's physical model is only partially true. It is confirmed that recombination of holes with the injected electrons creates interface traps as suggested by Lai's model. However, this type of interface traps are only a small portion of total traps and the majority of interface traps are created by hot electron breaking the Si-H/D bonds, because a giant isotope effect was observed during transistor stressing. Figure 3 shows the gate voltage dependence of G m degradation for the initial hole injection for 30 s ͑V G ϭ0.62-2.4 V, V S ϭ0 V, and V D ϭ5.6 V͒ and then the electron injection for 1 s (V G ϭV D ϭ5.6 V). For the hydrogen annealed devices, after the first phase stress ͑hole injection͒, the maximum damage happens at V G ϭϳ2 V. After the second phase ͑electrons neutralizing trapped holes and filling the electron traps͒, the degradation peak shifts toward to the lower gate voltage. This G m degradation shift is due to the electron trapping, because, according to Doyle et al. 5 and our experiments ͑not shown here͒, the interface trap generation curve does not shift toward the lower gate voltage and only G m degradation shifts toward the lower gate voltage. Notably we added the ''isotope effect'' to Doyle's experiment. It can be found in Fig. 1 that the isotope effect is voltage dependent. For V G Ͻ0.7 V, the isotope effect is very small. Larger isotope effect appears at larger V G , which favors hot electron injection. The largest isotope effect is observed for devices stressed at V G ϭV D ϭ5.6 V ͑not shown here͒. This experiment exclusively indicates that the isotope effect is due to hot electrons, not holes. For the hole injection case, the isotope effect begins to be visible at V G ϳ1 V, because in the so-called hole injection phase there is still hot electron injection. It is observed in experiments that only for V G Ͻ0.8 V, ⌬V T ϭ(V T -V T0 ) shifts toward negative regime ͑hole trap- ping͒, and for V G Ͼ0.8 V, ⌬V T begins to be positive ͑elec-tron trapping͒. The isotope effect should be ascribed to the hot electrons at V G ϳ1 V. From this experiment, it can be concluded that there are two types of mechanisms for interface trap generation: One is hole trapping and electron recombination proposed by Lai 1 and the other one is hot electron breakage of Si-H/D bonds. Lai's mechanism only happens for V G near V T in our case, and the dominant degradation mechanism is the electron-stimulated Si-H bond breaking.
In summary, an experiment that incorporates the deuterium isotope effect into the ''hole trapping and electron filling'' scenario is presented. It is suggested that Lai's physical model is only partially true in order to explain all of the observed MOS device degradation phenomena. The isotope effect is exclusively due to hot electrons, not hot holes. Holes might break the Si-O bonds to generate interface traps at V G near V T . The dominant degradation mechanism is the electron-stimulated Si-H bond breaking, although electron trapping also plays a role in degradation.
